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The early development of Caenorhabditis elegans embryos is characterized by a series of asymmetric divisions in which the
mitotic spindle is repeatedly oriented on the same axis due to a rotation of the nuclear–centrosome complex. To identify
genes involved in the control of spindle orientation, we have screened maternal-effect lethal mutants for alterations in
cleavage pattern. Here we describe mutations in ooc-5 and ooc-3, which were isolated on the basis of a nuclear rotation
defect in the P1 cell of two-cell embryos. These mutations are novel in that they affect the asymmetric localization of PAR
proteins at the two-cell stage, but not at the one-cell stage. In wild-type two-cell embryos, PAR-3 protein is present around
the entire periphery of the AB cell and prevents nuclear rotation in this cell. In contrast, PAR-2 functions to allow nuclear
rotation in the P1 cell by restricting PAR-3 localization to the anterior periphery of P1. In ooc-5 and ooc-3 mutant embryos,
AR-3 was mislocalized around the periphery of P1, while PAR-2 was reduced or absent. The germ-line-specific P granules
were also mislocalized at the two-cell stage. Mutations in ooc-5 and ooc-3 also result in reduced-size oocytes and embryos.
owever, par-3 ooc double-mutant embryos can exhibit nuclear rotation, indicating that small size per se does not prevent
otation and that PAR-3 mislocalization contributes to the failure of rotation in ooc mutants. We therefore postulate that
ild-type ooc-5 and ooc-3 function in oogenesis and in the reestablishment of asymmetric domains of PAR proteins at the
wo-cell stage. © 1999 Academic Press
Key Words: polarity; oogenesis; spindle orientation; PAR localization; asymmetric division; Caenorhabditis elegans;ooc-5; ooc-3.
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The process by which a single-cell embryo gives rise to a
multicellular animal with diverse cell types has fascinated
researchers for over a century and remains a fundamental
question in the field of developmental biology. One way to
generate cellular diversity is through asymmetric cell divi-
sions. In contrast to symmetric divisions, which typically
duplicate the characteristics of the parent cell, asymmetric
divisions can result in daughter cells that have different cell
fates. Asymmetric divisions generate cellular diversity ei-
ther by exposing daughter cells to different extrinsic envi-
ronmental cues that influence cell fate or through intrinsic
asymmetries in which daughter cells receive differingv
t
1 To whom correspondence should be addressed. Fax: (530) 752-
3085. E-mail: lsrose@ucdavis.edu.
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All rights of reproduction in any form reserved.mounts of fate-determining molecules (reviewed in
onczy and Hyman, 1996; Horvitz and Herskowitz, 1992;
u et al., 1998). For intrinsically asymmetric divisions to
ork efficiently, polarity and the orientation of the mitotic
pindle must be coordinated. The parent cell must have a
olar distribution of a fate-determining molecule and the
itotic spindle must align along this axis of polarity to
nsure that daughter cells receive differing amounts of the
eterminant upon division. Although intrinsically asym-
etric divisions have been described in many organisms,
he molecular mechanisms involved in coordinating polar-
ty and spindle positioning are not well understood.
Embryos of the nematode Caenorhabditis elegans pro-
ide an excellent model system for studying asymmetric
ivisions. Embryos are highly polarized and undergo a
irtually invariant pattern of cleavage divisions that display
wo distinct patterns of spindle orientation. In the one-cell
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254 Basham and Roseembryo, P0, a dramatic reorganization of the cytoplasm
esults in a number of molecules becoming asymmetrically
ocalized along the longitudinal (anterior–posterior) axis of
he embryo (reviewed in Rose and Kemphues, 1998b).
uring mitosis, the P0 spindle aligns with the anterior–
osterior (A-P) axis. First cleavage is asymmetric, giving rise
o a larger anterior cell, AB, and a smaller posterior cell, P1,
that differ in size, cytoplasmic inheritance, cell cycle tim-
ing, cell fate potential, and pattern of spindle orientation
(Laufer et al., 1980; Strome and Wood, 1983). For example,
only the P cells inherit P granules, a germ-line determinant
(Kawasaki et al., 1998; Strome and Wood, 1983). The AB
cell and its descendants divide symmetrically in a pattern of
orthogonal cleavages while the P1 cell and its daughters
ndergo additional asymmetric divisions with the mitotic
pindle being repeatedly oriented along the same axis. The
ifference in spindle positioning between AB and P1 is due
o the behavior of centrosomes in these cells (Fig. 1;
yman, 1989; Hyman and White, 1987). In both AB and P1,
FIG. 1. Centrosome positioning determines spindle orientation in
wild-type embryos. Anterior is to the left. Both the AB and the P1
cell inherit a centrosome which duplicates and the daughter
centrosomes (solid circles) migrate (arrows) to opposite sides of the
nucleus (A). In P1, the nuclear–centrosome complex rotates (B), as
ndicated by the arrows, toward an anterior cortical site (hatched
val). This results in the P1 spindle forming on the A-P axis of the
embryo (C).the centrosome inherited from the first division duplicates,
and the two centrosomes migrate away from each other
Copyright © 1999 by Academic Press. All rightntil they are diametrically opposed on the nucleus. In the
B cell, this centrosome positioning results in the spindle
orming transverse to the A-P axis of the embryo. In the P1
cell, something quite different happens. During prophase in
P1, the nucleus and centrosomes behave as a complex and
ndergo an anterior movement and 90° rotation toward the
ell cortex. This results in the mitotic spindle in P1 forming
long the A-P axis of the embryo. Rotation is dependent on
n interaction between astral microtubules and an anterior
ortical site and also requires the actin cytoskeleton (Hy-
an, 1989; Hyman and White, 1987). Recent evidence
uggests that the dynein/dynactin complex may be the
olecular motor involved in this rotation event (Skop and
hite, 1998; Waddle et al., 1994).
The isolation of maternal-effect lethal mutations has
dentified a number of genes with roles in establishing
mbryonic polarity including the par genes (for partitioning
efective). Mutations in six par genes disrupt various as-
ects of anterior–posterior polarity including cytoplasmic
treaming, P granule localization, asymmetric spindle
lacement and proper spindle orientation (Kemphues et al.,
988; Rose and Kemphues, 1998b). The PAR-1, PAR-2, and
AR-3 proteins are asymmetrically localized to the periph-
ry of cells that undergo polarized divisions. In the one-cell
mbryo, PAR-1 and PAR-2 are restricted to the posterior
eriphery, while PAR-3 is restricted to the anterior periph-
ry. At the beginning of the two-cell stage PAR-3 is present
round the entire AB periphery and appears to be present at
he site of cell–cell contact in P1; PAR-1 and PAR-2 are
present around the entire P1 periphery. By the time of P1
nuclear rotation, PAR asymmetry is reestablished: PAR-3
extends to the anterior 30% of the P1 periphery, while
AR-1 and PAR-2 localize to the posterior 70% of the
eriphery (Boyd et al., 1996; Etemad-Moghadam et al.,
995; Guo and Kemphues, 1995). Observations of PAR-3
nd PAR-2 in wild-type and par mutant embryos have
hown that PAR-3 and PAR-2 are mutually dependent upon
ach other for their reciprocal localization and that their
ocalization affects spindle orientation. For example, in
wo-cell par-3 mutant embryos, PAR-2 is present around
he periphery of both AB and P1, and in both cells nuclear
rotation occurs resulting in both spindles setting up on the
A-P axis of the embryo. In two-cell par-2 mutant embryos,
PAR-3 is present around the periphery of both cells and in
this case, neither the AB nor the P1 nuclear centrosome
omplex rotates, resulting in both spindles setting up trans-
erse to the A-P axis. Finally, a two-cell par-3;par-2 double-
utant embryo resembles a par-3 single-mutant embryo
ith respect to spindle orientation in that both the AB and
he P1 nuclei rotate. These results demonstrate that neither
AR-2 nor PAR-3 is required for the rotation process itself,
ut rather their localization is involved in “controlling”
pindle orientation at the two-cell stage. Immunolocaliza-
ion of PAR-2 and PAR-3 in other par mutant embryos
supports this idea. At the two-cell stage, PAR-3 is distrib-
uted uniformly around all blastomeres with a transverse
spindle while PAR-3 is either asymmetric or absent from
s of reproduction in any form reserved.
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255ooc-5 and ooc-3 Mutations Affect Asymmetric Divisionblastomeres that undergo nuclear rotation (Boyd et al.,
1996; Cheng et al., 1995; Etemad-Moghadam et al., 1995).
These observations suggest that at the two-cell stage in
wild-type embryos, PAR-3 localization prevents nuclear
rotation in AB while PAR-2 allows nuclear rotation to occur
in P1 by restricting PAR-3 localization in this cell.
We have taken a genetic approach to identify additional
molecules involved in orienting spindles in C. elegans
embryos (Rose and Kemphues, 1998a). We have isolated
several mutations that cause alterations in the early cleav-
age pattern and here we present a characterization of
mutations in the ooc-5 and ooc-3 genes. Hermaphrodites
homozygous for mutations in ooc-5 or ooc-3 produce
educed-sized embryos in which P1 nuclear rotation fails to
ccur. PAR-3, PAR-2, and PAR-1 are mislocalized in the P1
cell of two-cell ooc-5 and ooc-3 embryos although one-cell
olarity appears normal. P granules are also frequently
islocalized in the P1 cell of mutant embryos. Thus,
utations in ooc-5 and ooc-3 specifically disrupt polarity in
the P1 cell. The reduced size of ooc embryos is due to an
bnormal germ-line morphology in mutant hermaphro-
ites; defects in meiosis are also observed. Thus, the ooc-5
nd ooc-3 genes are required directly or indirectly for
ultiple developmental processes.
MATERIALS AND METHODS
Strains and Genetics
C. elegans strains were cultured using standard techniques on
MYOB plates seeded with Escherichia coli strain OP50 (Brenner,
1974; Lewis and Fleming, 1995). All strains were derived from the
wild-type Bristol strain N2. N2 worms were used as wild-type
(ooc-51 ooc-31) controls. Strains containing the following previ-
usly described mutations or rearrangements were used: LGII,
nc-4 (e120), rol-6 (e187), dpy-10 (e128), ooc-3 (mn241), mnC1,
nDf67, mnDf90; LGIII, par-3 (it71), sma-4 (e729), qC1; LGIV,
im-03 (e1147), egl-23 (n601). Strains were obtained from either
he Caenorhabditis Genetics Center or the Kemphues laboratory
r were constructed in the Rose laboratory. For all experiments,
orms were grown at 20°C.
The ooc-5 alleles it144, it145, and it146 and ooc-3 alleles da1 and
da2 were isolated in screens for maternal-effect lethal mutations as
described in Rose and Kemphues (1998a). it144, it145, da1, and da2
were induced using ethyl methanesulfonate; it146 was induced
with trimethylpsoralen–UV (Anderson, 1995). All mutations were
outcrossed at least three times to ooc1 stocks. The it144, it145, and
t146 mutations were mapped to the rol-6 unc-4 interval of chro-
mosome II using standard meiotic recombination and sequence tag
site mapping (Williams et al., 1992). it144, it145, and it146 fail to
complement each other, but complement da1 and da2 for
maternal-effect lethality and small egg size. da1 and da2 fail to
complement each other and fail to complement the original ooc-3
allele mn241 (Sigurdson et al., 1984).
MicroscopyFor measurements of size and for scoring nuclear rotation,
embryos were dissected from hermaphrodites in M9 buffer and
Copyright © 1999 by Academic Press. All rightmounted on polylysine-coated coverslips which were inverted over
a slide using additional coverslips as spacers to prevent flattening of
the embryo. Embryos were then filmed under Nomarski optics
using a time-lapse videorecorder and CCD camera. During video-
microscopy, embryos were at 23–25°C. There were no differences
in lethality of ooc-5 and ooc-3 mutants grown at 16, 20, or 25°C
(data not shown). Embryo measurements in Tables 1 and 4 were
obtained from monitor tracings of videotaped embryos. To deter-
mine embryo length, tracings of two-cell embryos were measured
on the longitudinal axis through the center of the embryo. Nuclear
rotation was scored as abnormal if rotation had not occurred by
nuclear envelope breakdown and the spindle originally formed on
the transverse axis of the embryo. For still photographs, embryos or
worms (sedated in 0.1% tricaine, 0.01% tetramisole in water for 30
min to 1 h; Kirby et al., 1990) were mounted on 5% agar pads under
a coverslip.
Indirect Immunofluorescence
Immunolocalization of tubulin, PAR-1, PAR-2, and PAR-3 was
performed as described in Kemphues et al. (1986), Guo and Kem-
phues (1995), Boyd et al. (1996), and Etemad-Moghadam et al.
(1995), respectively. Immunolocalization of P granules was per-
formed using the protocol of Strome and Wood (1983) and the
anti-P granule antibody OIC1D4 (Developmental Studies Hybrid-
oma Bank, John Hopkins University School of Medicine, Balti-
more, MD, and the University of Iowa, Iowa City, IA; Contract
N01-HD-6-2915 from the NICHD). For all immunofluorescence
experiments, embryos were also incubated in PBS containing
49,6-diamidino-2-phenylindole dihydrochloride (DAPI) to stain
DNA. Specimens were mounted with Vectashield (Vector Labora-
tories Inc., Burlingame, CA) and viewed using either epifluores-
cence or confocal microscopy.
RESULTS
Identification and Genetic Characterization
of ooc-5 and ooc-3
In screens for maternal-effect lethal mutations that dis-
rupt the wild-type pattern of spindle orientation in C.
elegans embryos (Rose and Kemphues, 1998a; M. Tsou and
L. Rose, unpublished), we identified alleles of the ooc-3
gene (Sigurdson et al., 1984) and alleles of a new gene ooc-5
(for oocyte formation abnormal). Hermaphrodites homozy-
gous for mutations in ooc-5 or ooc-3 produce embryos with
evere defects in spindle orientation (Table 1 and discussed
elow). We have currently isolated three ooc-5 alleles,
t144, it145, and it146, and two ooc-3 alleles, da1 and da2.
All five of these mutations and the original ooc-3 mutation
mn241 (Sigurdson et al., 1984) are recessive, maternal-effect
lethal mutations. Further characterization of it145 and da1
indicates that they are strong loss-of-function alleles (Table
1); however they do not appear to be null alleles based on a
meiotic phenotype discussed below. For simplicity, we will
refer to embryos from ooc-5 and ooc-3 homozygous mutant
mothers as ooc-5 and ooc-3 embryos, respectively.
s of reproduction in any form reserved.
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256 Basham and RoseMutations in ooc-5 and ooc-3 are Pleiotropic
Although we originally identified ooc-5 and ooc-3 in
screens for mutations that disrupt spindle orientation, the
mutations affect other aspects of development as well.
ooc-5 and ooc-3 embryos are approximately 60–70% wild-
type size (Table 1). The production of small embryos by
ooc-5 and ooc-3 homozygous mutant mothers derives from
the formation of small oocytes in the hermaphrodite germ
line. The germ lines of wild-type hermaphrodites consist of
two U-shaped gonads, each containing a syncytium of
germ-line nuclei sharing a common cytoplasm. Each gonad
contains a distal and proximal arm connected by a 180° loop
in which the transition from syncytium to cellularized
oocytes occurs. A single row of oocytes forms by budding
off the outer side of the loop’s bend. The oocytes enlarge,
taking up cytoplasm as they travel proximally toward the
spermatheca where they are fertilized (Fig. 2A; Schedl,
1997). In contrast, in ooc-5 and ooc-3 hermaphrodites,
nuclei are present on both the inner and the outer face of
the loop and two or more rows of oocytes are present in the
proximal gonad (Fig. 2B). These observations indicate that
ooc-5 and ooc-3 are involved in some aspect of oocyte
formation. A possible explanation of this phenotype is that
mutations in ooc-5 and ooc-3 disrupt germ-line polarity
such that oocytes bud off both the inner and the outer side
of the germ-line bend. An alternative explanation is that in
ooc-5 and ooc-3 mutants, oocytes fail to enlarge properly
and can thus arrange into multiple rows. Additional analy-
sis of the ooc-5 and ooc-3 germ-line phenotype is required to
determine the precise defect in oocyte production.
While analyzing ooc-5 and ooc-3 embryos by videomi-
croscopy, we observed extra pronuclei in one-cell embryos
and extra karyomeres in the AB and P1 cells of two-cell
TABLE 1
Embryo Size and P1 Rotation
Hermaphrodite genotype
Average embryo image length
(mm)a
Wild-type (N2) 167.2 6 5.0
ooc-5
it144/it144 112.8 6 7.2
it146/it146 106.2 6 8.6
it145/it145 101.5 6 10.1
it145/mnDf67 100.0 6 6.9
ooc-3
mn241/mn241 115.9 6 5.3
da1/da1 107.6 6 6.4
da1/mnDf90 102.3 6 6.8
a Not actual size; based on measurements of videotaped embryo
b Calculated by dividing average embryo image length by averag
c Expressed as percentage embryos in which P1 rotation was sco
d Number of embryos.Relative lengthb
Frequency of P1
rotationc nd
100% 100% 10
67.5% 16.7% 18
63.5% 18.5% 28
60.0% 7.4% 27
60.0% 8.3% 24
69.3% 5.9% 17
64.4% 4.2% 24
61.2% 4.0% 25
s as described under Materials and Methods.
e wild-type embryo image length.mbryos. To quantitate this phenotype, we stained one-cell
mbryos with DAPI. Extra pronuclei were observed in 11%
Copyright © 1999 by Academic Press. All rightFIG. 2. Nomarski micrographs of wild-type and ooc-5 mutant
hermaphrodite germ lines. The proximal gonad with enlarging
oocytes is located at the bottom of each image, with the sper-
matheca located far left. In a wild-type germ line (A), oocytes are
arranged in a single row as they approach the spermatheca. In ooc-5
(B) and ooc-3 mutant hermaphrodites, the germ line contains
multiple rows of reduced size embryos. The distal syncytial gonad
is visible in the wild-type germ line (top of image) but is out of the
focal plane in the ooc-5 germ line. Scale bar, 10 mm.
s of reproduction in any form reserved.
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257ooc-5 and ooc-3 Mutations Affect Asymmetric Divisionof ooc-5 embryos and 30% of ooc-3 embryos (n 5 28 for
oc-5; n 5 33 for ooc-3). The percentage of one-cell embryos
ith extra DAPI staining bodies increased to 47% for
mbryos derived from ooc-5 (it145)/deletion hermaphro-
ites and 72% for embryos derived from ooc-3 (da1)/
eletion hermaphrodites (n 5 30 for it145; n 5 11 for da1).
n addition, polar bodies were often missing from ooc
mbryos. These data indicate that it145 and da1 are not
null alleles of ooc-5 and ooc-3, respectively. Additionally,
these results suggest that mutations in ooc-5 and ooc-3
disrupt some aspect of meiosis.
ooc-5 and ooc-3 Mutations Disrupt Spindle
Orientation in Embryos
Using time-lapse videomicroscopy, we compared early
development and cleavage patterns in wild-type and ooc
mutant embryos. The early stages of C. elegans embryogen-
sis have been described previously (reviewed in Rose and
emphues, 1998b; Wood, 1988) but relevant aspects are
ummarized here. In wild-type embryos, fertilization
auses a dramatic reorganization of the egg cytoplasm and
he establishment of the anterior–posterior axis of the
mbryo. The female pronucleus migrates to meet the male
ronucleus in the posterior of the embryo. The pronuclear–
entrosome complex then moves anteriorly toward the
enter of the embryo while undergoing a 90° rotation
typically before nuclear envelope breakdown), resulting in
he first mitotic spindle forming on the longitudinal axis of
he embryo. During anaphase, spindle position becomes
symmetric and division results in a larger anterior cell
alled AB and a smaller posterior cell called P1 that differ in
FIG. 3. Wild-type and ooc-5 mutant embryos at the two- and four
(D, F) embryos. Wild-type (B) and ooc-5 mutant (E) embryos under
rescence. In this and all subsequent figures, anterior is to the left.ize, division pattern, cytoplasmic inheritance, and cell fate
otential.
Copyright © 1999 by Academic Press. All rightIn 54% of one-cell ooc-5 embryos (n 5 13) and 56% of
ne-cell ooc-3 embryos (n 5 16), rotation and placement of
the first spindle was normal. In the remaining one-cell
ooc-5 and ooc-3 embryos, the spindle formed at an angle,
ut typically oriented onto the longitudinal axis before
ivision. Thus, in the vast majority of ooc-5 and ooc-3
embryos, first cleavage resulted in a larger anterior cell and
a smaller posterior cell, and second cleavage was asynchro-
nous as in wild-type.
The most dramatic effect of ooc-5 and ooc-3 mutations on
spindle orientation was observed in two-cell embryos. In
wild-type embryos the AB spindle sets up transverse to the
longitudinal (A-P) axis of the embryo while the P1 spindle
orients on the A-P axis due to rotation of the nuclear–
centrosome complex (Hyman, 1989; Hyman and White,
1987). In 93% of ooc-5 embryos and 96% of ooc-3 embryos,
the P1 nuclear–centrosome complex moved anteriorly but
failed to rotate onto the A-P axis (Table 1). Thus, in two-cell
ooc-5 and ooc-3 embryos both cells divided transverse to
the A-P axis of the embryo. Similarly, ooc-5 and ooc-3
embryos stained for tubulin showed transverse P1 spindles,
ften close to the anterior cortex (Fig. 3E and data not
hown). Astral microtubules were seen projecting toward
he cell periphery and appeared long enough to interact
ith the cortex. Based on these results, we conclude that
utations in ooc-5 and ooc-3 disrupt nuclear rotation in
oth P0 and P1.
PAR Proteins Are Mislocalized in Two-Cell ooc-5
and ooc-3 Embryos
In wild-type embryos, PAR-1, PAR-2, and PAR-3 are
stage. Nomarski micrographs of wild-type (A, C) and ooc-5 mutant
g second cleavage fixed and stained for anti-tubulin immunofluo-
bar, 10 mm.-cellasymmetrically localized to the periphery of cells that
undergo polarized divisions in the P lineage. In one-cell
s of reproduction in any form reserved.
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258 Basham and Roseembryos, PAR-3 is restricted to the anterior pole while
PAR-1 and PAR-2 are restricted to the posterior pole. At the
two-cell stage, AB inherits PAR-3 around its entire periph-
ery while PAR domains are reestablished in P1: Initially,
PAR-3 appears to be present in P1 at the region of cell–cell
contact; by late prophase, PAR-3 localization extends to
cover approximately 30% of the P1 periphery. Conversely,
PAR-1 and PAR-2 are initially distributed all around the P1
periphery, but then become restricted to the posterior 70%
of P1 (Boyd et al., 1996; Etemad-Moghadam et al., 1995; Guo
nd Kemphues, 1995). In two-cell wild-type and certain par
utant embryos, PAR-3 is distributed uniformly around all
lastomeres with a transverse spindle, while PAR-3 is
ither asymmetric or absent from blastomeres that undergo
uclear rotation (Boyd et al., 1996; Cheng et al., 1995;
temad-Moghadam et al., 1995).
To investigate the possibility that failure of nuclear
otation in ooc-5 and ooc-3 embryos was due to the mislo-
calization of PAR proteins, we used indirect immunofluo-
rescence to examine the localization of PAR-3, PAR-2, and
PAR-1. In the majority of one-cell ooc-5 and ooc-3 embryos,
PAR-3 localization appeared normal, being asymmetrically
localized to the anterior pole of the embryo as seen in
wild-type (compare Fig. 4A with 4E and 4I; Table 2). PAR-2
and PAR-1 localization also appeared normal in the major-
ity of one-cell ooc-5 and ooc-3 embryos, being asymmetri-
cally localized to the posterior pole of the embryo (compare
FIG. 4. Immunolocalization of PAR-3 and PAR-2 in one-cell an
indicate the approximate boundary of PAR-3 and PAR-2 restriction
localized around the entire P1 periphery (G, K) and PAR-2 localiza
region in early two-cell wild-type and ooc mutant embryos (L). ScFig. 4B with 4F and 4J; Table 2 and data not shown); no
consistent difference in intensity of PAR staining was
w
(
Copyright © 1999 by Academic Press. All rightbserved between one-cell wild-type and ooc mutant em-
ryos.
Surprisingly, PAR proteins were mislocalized in the ma-
ority of two-cell ooc-5 and ooc-3 embryos. In 73% of
two-cell ooc-5 embryos and 67% of two-cell ooc-3 embryos,
AR-3 was present around the entire P1 periphery (compare
ig. 4C with 4G and 4K; Table 3) or extended abnormally far
osteriorly in the P1 cell (Fig. 5A; Table 3). PAR-2 was either
ntirely absent from the P1 periphery (compare Fig. 4D with
4H and 4L; Table 3) or seen as a reduced patch of staining at
the posterior of the P1 cell in most ooc mutant embryos (Fig.
B; Table 3). PAR-2 staining appeared normal in the remain-
ng embryos. There was no obvious correlation between cell
ycle progression and the type of PAR-2 staining observed
n mutant embryos. That is, some of the earliest interphase
wo-cell embryos showed an absence of PAR-2 on the
osterior periphery while some older embryos exhibited a
ormal or reduced PAR-2 distribution. PAR-1 localization
n ooc-5 embryos paralleled that of PAR-2, being reduced or
bsent from the P1 periphery in the majority of embryos
n 5 19/29). These results indicate that mutations in ooc-5
nd ooc-3 specifically disrupt PAR localization at the two-
ell stage. However, since it145 and da1 do not appear to be
ull alleles we cannot rule out the possibility that these
enes may also function in PAR localization at the one-cell
tage. To test if a potentially stronger reduction of ooc-5 or
oc-3 activity would result in one-cell defects in polarity,
o-cell embryos. Wild-type embryos (A–D); arrows in (C) and (D)
e P1 cell. ooc-5 embryos (E–H) and ooc-3 embryos (I–L) with PAR-3
bsent (H, L). PAR-2 staining is often seen at the cell–cell contact
r, 10 mm.d tw
in the examined embryos from ooc-5 (it145)/deletion and ooc-3
da1)/deletion hermaphrodites for PAR-3 localization. In
s of reproduction in any form reserved.
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259ooc-5 and ooc-3 Mutations Affect Asymmetric Divisionthe majority of one-cell ooc-5 (it145)/mnDf67 embryos and
ooc-3 (da1)/mnDf90 embryos, PAR-3 was asymmetrically
localized in a manner comparable to wild-type (Table 2).
By observing PAR protein distributions in par mutant
embryos, Kemphues and colleagues have proposed a model
for PAR localization in which PAR-3 and PAR-2 mutually
TABLE 2
Localization of PAR-3 and PAR-2 in One-Cell Embryos
Hermaphrodite
genotype
% Embryos with
asymmetrically
localized PAR-3
% Embryos with
PAR-3 mislocalized
Wild-type (N2) 100 0
oc-5
it145/it145 98b 2c
it145/mnDf67 97f 3g
ooc-3
da1/da1 97h 3i
da1/mnDf90 100 0
a Number of embryos.
b Three of these embryos had PAR-3 localized asymmetrica
nterior/posterior axis.
c This embryo had PAR-3 localized around the entire embryo.
d One of these embryos had PAR-2 localized asymmetrically on
e This embryo had no detectable PAR-2 staining.
f Two of these embryos had PAR-3 localized asymmetrically on
g This embryo had no detectable PAR-3 staining.
h One of these embryos had PAR-3 localized asymmetrically on
i One embryo had no detectable PAR-3 staining and one embryo
j One of these embryos had PAR-2 localized asymmetrically on
k This embryo had no detectable PAR-2 staining.
ABLE 3
ocalization of PAR-3 and PAR-2 in Two-Cell Embryos
Hermaphrodite
genotype
% Embryos with
normal PAR-3
localization in P1
Wild-type (N2) 100
ooc-5, it145/it145 27
ooc-3, da1/da1 33
% Embryos with
normal PAR-2
localization in P1
ild-type (N2) 100
oc-5, it145/it145 20
oc-3, da1/da1 36a Number of embryos.
Copyright © 1999 by Academic Press. All rightrestrict each other’s localization and PAR-3 is then respon-
sible for restricting PAR-1 localization to the posterior
(Rose and Kemphues, 1998b). To determine if PAR local-
ization is reciprocal in individual ooc-5 and ooc-3 embryos
as suggested by the single-labeling data, we performed
double-labeling experiments. PAR-3 and PAR-2 showed
na
% Embryos with
asymmetrically
localized PAR-2
% Embryos with
PAR-2 mislocalized na
28 100 0 27
56 95d 5e 22
30 — —
67 97j 3k 39
11 — —
ut on the dorsal/ventral (or lateral) axis rather than on the
orsal/ventral axis.
orsal/ventral axis.
orsal/ventral axis.
PAR-3 extended abnormally far posteriorly.
orsal/ventral axis.
-3 localization
na
mbryos with
R-3 around
e P1 periphery
% Embryos with
PAR-3 extended
posteriorly in P1
0 0 26
52 21 52
50 17 60
-2 localization
mbryos with
-2 absent from
1 periphery
% Embryos with
reduced PAR-2
at P1 periphery
0 0 32
55 25 20
49 15 45lly b
the d
the d
the d
hadPAR
% E
PA
entir
PAR
% E
PAR
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260 Basham and Rosereciprocal patterns of localization in all double-labeled
ooc-5 and ooc-3 embryos examined (for ooc-5 n 5 33; for
ooc-3 n 5 45). In embryos with PAR-3 present around the
entire P1 periphery, PAR-2 was undetectable at the periph-
ry. In embryos with PAR-3 extending abnormally far
osteriorly in P1, a reduced “cap” of PAR-2 staining was
observed (Fig. 5). A similarly reciprocal relationship be-
tween PAR-3 and PAR-1 was observed in all double-labeled
ooc-5 embryos examined (n 5 29); no overlap between
AR-3 and PAR-1 was observed. Taken together, these
esults indicate that mutations in ooc-5 or ooc-3 disrupt the
ocalization of PAR-3, PAR-2, and PAR-1 in two-cell em-
ryos but not the mutually exclusive nature of their local-
zation. Thus, the ooc genes may play a role in reestablish-
ng PAR domains at the two-cell stage.
P Granules Are Mislocalized in Two-Cell ooc-5
and ooc-3 Embryos
FIG. 5. Double labeling of PAR-3 and PAR-2 in an ooc-3 embryo.
PAR-3 is localized around the entire AB periphery and extends
abnormally far posteriorly in the P1 cell (A) while PAR-2 localiza-
tion is reciprocally reduced (B). Arrows indicate approximate
boundary between PAR-3 and PAR-2. Scale bar, 10 mm.To determine if mutations in ooc-5 and ooc-3 disrupt
other aspects of embryonic polarity, we examined ooc-5 and
Copyright © 1999 by Academic Press. All rightooc-3 embryos for the localization of germ-line-specific P
granules. In wild-type embryos, P granules localize to the
posterior pole of the embryo where they assume a loose
cortical association and are then partitioned to only the P1
cell upon division (Strome and Wood, 1983). As the P1 cell
cycle progresses, the P granules localize to the posterior
pole of P1 such that upon division they are partitioned into
the germ-line daughter cell P2. The partitioning of P gran-
ules to only one of two daughter cells occurs two more
times, resulting in P granules becoming localized exclu-
sively to P4, the germ-line precursor cell (Strome and Wood,
983). In 100% of both one-cell ooc-5 and ooc-3 embryos
xamined, P granules were localized normally to the poste-
ior half of the embryo (for ooc-5 n 5 39; for ooc-3 n 5 8;
ompare Fig. 6A with 6D and 6G). Furthermore, all two-cell
oc-5 and 91% of two-cell ooc-3 embryos had P granules
resent in only one of the two cells (for ooc-5 n 5 39; for
oc-3 n 5 11). However, P granule localization in two-cell
oc-5 and ooc-3 embryos often appeared abnormal, with P
ranules being present in clumps that were localized more
aterally than posteriorly (compare Fig. 6B with 6E and 6H).
his clumping phenotype was detected in some of the
arliest interphase two-cell embryos, but was not observed
n one-cell embryos. At the four-cell stage, 73% of ooc-5
nd 86% of ooc-3 embryos had P granules present in two of
he four cells (for ooc-5 n 5 11; for ooc-3 n 5 7; compare Fig.
C with 6F and 6I), which is consistent with our observa-
ion that the P1 spindle sets up on the transverse axis in
hese mutant embryos. In most remaining four-cell ooc-5
nd ooc-3 embryos, P granules were present in only one of
he four cells. These results, together with the PAR local-
zation results discussed above, suggest that P1 polarity is
bnormal in ooc-5 and ooc-3 mutant embryos.
Nuclear Rotation Occurs in ooc-5;par-3 and ooc-3;
par-3 Double-Mutant Embryos
Since symmetric PAR-3 localization correlates with an
absence of nuclear rotation in par mutant embryos
(Etemad-Moghadam et al., 1995), our results are consistent
with the idea that PAR-3 mislocalization in ooc-5 and ooc-3
mbryos prevents nuclear rotation from occurring in the P1
cell. To test this hypothesis, we constructed double mu-
tants using a putative null allele of the par-3 gene. This
experiment also addresses the possibility that the small size
of ooc embryos prevents nuclear rotation indirectly. Em-
bryos produced by ooc-5 (it145);par-3 (it71) and ooc-
3(mn241);par-3(it71) double-mutant mothers exhibited
characteristics of both single mutants. In ooc-5;par-3 and
ooc-3;par-3 double-mutant embryos, first cleavage was
symmetric and second cleavages synchronous as in par-3
single-mutant embryos. The size of double-mutant em-
bryos was comparable to the size of ooc-5 and ooc-3
single-mutant embryos, respectively (Table 4). However, in
55% of two-cell ooc-5;par-3 double-mutant embryos exam-
ined by time-lapse videomicroscopy, nuclear rotation oc-
curred in either one or both cells of the embryo (Fig. 7 and
s of reproduction in any form reserved.
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261ooc-5 and ooc-3 Mutations Affect Asymmetric DivisionTable 4). Similarly, in 64% of ooc-3;par-3 double-mutant
embryos examined, rotation occurred in either one or both
cells at the two-cell stage (Table 4). In the remaining
FIG. 6. Immunolocalization of P granules in one-, two-, and fo
granules to the posterior half of a one-cell embryo (A), the P1 cell o
nd ooc-3 mutant embryos showing posterior localization of P gran
embryos (E, H) and P granules partitioned to both P1 daughters at
daughter cells. Scale bar, 10 mm.
ABLE 4
mbryo Size and Two-Cell Spindle Orientation
Hermaphrodite
genotypea
Average embryo
image length (mm)b
tran
Wild-type (N2) 167.2 6 5.0
ooc-5 101.5 6 10.1
ooc-3 107.6 6 6.4
par-3 168.6 6 5.3
ooc-5;par-3 97.2 6 9.4
ooc-3;par-3 108.7 6 11.3
a The data for ooc-5 and ooc-3 are the same as in Table 1 for it145
ave been rounded.
b Not actual size; based on measurements of videotaped embryo
c trans, transverse to longitudinal axis of embryo; long, longitud
together; in many cases it was impossible to determine the A-P
qual-sized AB and P1 cells which divide synchronously, and the potwo wt and one reversal were observed for ooc-5;par-3 and two wt wer
d Number of embryos.
Copyright © 1999 by Academic Press. All rightoc-5;par-3 and ooc-3;par-3 double-mutant embryos exam-
ned, rotation failed to occur in either cell, resulting in both
B and P1 dividing on the transverse axis of the embryo.
ll embryos. Wild-type embryos (A–C) showing localization of P
o-cell embryo (B), and the P2 cell of a four-cell embryo (C). ooc-5
in one-cell embryos (D, G), lateral clumps of P granules in two-cell
our-cell stage (F, I). Arrows point to the boundary between the P1
Spindle orientation at two-cell stagec
nd
ns wt or reversal
DC CD
long;long
CC
100% 0% 10
7% 0% 27
4% 0% 24
0% 100% 15
32% 23% 22
35% 29% 14
da1, respectively, but the percentages for each spindle orientation
described under Materials and Methods.
xis of embryo; wt, wild-type. Wild-type and reversals are grouped
ntation of embryos due to the fact that ooc;par-3 embryos have
odies were often not visible. When A-P orientation was scoreable,ur-ce
f a tw
uless;tra
DD
0%
93%
96%
0%
45%
36%
and
s as
inal a
orie
lar be observed for ooc-3;par-3.
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262 Basham and RoseWhile these results do not show clear epistasis for par-3
ith respect to ooc-5 or ooc-3, they demonstrate that
nuclear rotation can occur in these reduced-size embryos,
and they indicate that the mislocalization of PAR-3 in ooc-5
and ooc-3 embryos contributes to the lack of P1 nuclear
rotation (see Discussion).
DISCUSSION
In this report, we have characterized the phenotype of
mutations in two genes, ooc-5 and ooc-3. The phenotypes of
ooc-5 and ooc-3 mutants suggest that these genes are
involved in multiple processes, including oocyte formation,
meiosis, and polarized divisions. While we cannot rule out
the possibility that the primary defect of ooc mutations is
the production of abnormal oocytes whose small size or
other defects indirectly perturb meiosis, spindle orienta-
FIG. 7. Spindle orientation at second cleavage. Two-cell wild-
type (A), par-3 mutant (B), and ooc-5;par-3 double-mutant (C)
embryos fixed and stained for anti-tubulin immunofluorescence;
the brightest regions are the spindle poles. Scale bar, 10 mm.tion, and PAR localization, we think this unlikely. As
discussed below, the ooc mutations do not result in a
Copyright © 1999 by Academic Press. All rightgeneral failure to synthesize or localize PAR proteins, but
rather are specific for the two-cell stage. Furthermore, in
ooc embryos the PARs maintain the same reciprocal rela-
tionships exhibited at the one-cell stage in wild-type and
certain par mutant embryos.
Our immunolocalization data indicate that in one-cell
ooc-5 and ooc-3 embryos, PAR localization is normal.
However, at the two-cell stage, both PAR-3 and PAR-2 are
mislocalized in P1. In the majority of two-cell ooc-5 and
oc-3 embryos examined, PAR-3 localization extended ab-
ormally far posteriorly, often being present around the
ntire P1 periphery, while PAR-2 localization was recipro-
cally reduced or absent from the P1 periphery. Additionally,
PAR-1 localization in the P1 cell of ooc-5 embryos paral-
leled that of PAR-2, being reduced or absent from the
periphery. P granule localization was also abnormal in the
P1 cell of ooc-5 and ooc-3 embryos; P granules were often
seen in clumps localized more laterally rather than poste-
riorly. The P granule phenotype observed in ooc-5 and ooc-3
mbryos is similar to the P granule phenotype observed in
ar-2 mutant embryos. This similarity suggests that the
islocalization of P granules in ooc-5 and ooc-3 embryos
ay result from the absence or reduction of PAR-2 at the P1
periphery. These results indicate that these ooc-5 and ooc-3
mutations specifically disrupt the reestablishment of PAR
domains and/or polarity in the P1 cell.
One-cell polarity, including the asymmetric localization
of PAR proteins and P granules, is established in response to
the sperm entry site and/or position (Goldstein and Hird,
1996). During the two-cell stage in wild-type embryos, PAR
proteins and P granules change their localization during the
P1 cell cycle, a process that is essential for the asymmetry of
he P1 division. PAR-1, PAR-2, and P granules, which are
initially all around the P1 periphery, become restricted to
he posterior of P1, while PAR-3 localizes to the anterior
Boyd et al., 1996; Etemad-Moghadam et al., 1995; Guo and
emphues, 1995; Strome and Wood, 1983). These data,
oupled with the observations presented here, suggest that
here are additional mechanisms for polarity reestablish-
ent in the P1 cell which require the function of ooc-5 and
oc-3. One simple model is that ooc-5 and ooc-3 activity
unctions (directly or indirectly) to stabilize PAR-2 at the
osterior of the P1 periphery, which then leads to the
changes in PAR-3, PAR-1, and P granule distribution. Al-
ternatively, the ooc genes could play a role in restricting the
extent to which PAR-3 can expand along the P1 periphery.
he observation that PAR-2 and P granule localization can
e disrupted as early as the beginning of interphase in ooc
utant embryos is more consistent with the first model. To
ur knowledge, the ooc-5 and ooc-3 mutations are the first
escribed that specifically disrupt polarity of the P1 cell.
Because PAR-3 has been shown to inhibit nuclear rota-
ion, our observations suggest that the mislocalization of
AR-3 in ooc-5 and ooc-3 embryos prevents P1 nuclear
rotation. Consistent with this view, nuclear rotation can
occur in reduced-size ooc-5;par-3 and ooc-3;par-3 double-
mutant embryos. Thus, ooc-5 and ooc-3 are not required for
s of reproduction in any form reserved.
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263ooc-5 and ooc-3 Mutations Affect Asymmetric Divisionnuclear rotation per se. However, nuclear rotation failed to
occur in almost half of the double-mutant embryos ob-
served. Spindle orientation was also abnormal in approxi-
mately half of the one-cell ooc embryos examined while
AR-3 localization was normal at this stage. A possible
xplanation of these results is that ooc-5 and ooc-3 function
o control spindle orientation through a PAR-3-independent
athway. An alternative explanation is that nuclear rota-
ion is inhibited to a certain degree by the reduced size of
oc-5 and ooc-3 embryos even in the absence of PAR-3. The
loning of ooc-5 and ooc-3 and localization of their protein
roducts will provide further insight into the role of OOC
roteins in PAR localization, spindle orientation, oogen-
sis, and meiosis.
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